Introduction {#Sec1}
============

Nitric oxide (NO) is a biological messenger molecule and neurotransmitter, which is synthesized by NO synthase (NOS) in multiple cells. Three types of NOS, namely neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS), produce NO through the catalytic reaction of [l]{.smallcaps}-arginine and dioxygen. Different from nNOS and eNOS, iNOS is expressed only after being induced by extracellular stimuli such as stimulation with lipopolysaccharide (LPS) \[[@CR1]\]. In addition, prostaglandin E~2~ (PGE~2~) is the main metabolite of arachidonic acid epoxy synthase, which is important for cell growth or regulation and can cause some symptoms of inflammation, such as swelling, redness, and heat \[[@CR2]\]. In mammal cells, two types of cyclooxygenase (COX-1 and COX-2) have been identified \[[@CR3]\]. COX-2, the key enzyme in the process of PGE~2~ synthesis, is highly expressed during the process of inflammatory reaction induced by LPS \[[@CR4]\]. Many studies have reported that the high expression of iNOS and COX-2 promotes the overproduction of NO and PGE~2~ in activated macrophages, respectively. Excessive production of such inflammatory mediators and high expression of inflammatory proteins can result in chronic inflammatory diseases \[[@CR5]--[@CR7]\]. Chronic inflammation has also been linked with various diseases, such as systemic lupus erythematosus, rheumatoid arthritis, hepatitis, cancer, and so on \[[@CR8]--[@CR11]\].

β-Carboline-type alkaloids and canthinone-type alkaloids represent the major bioactive constituents of medicinal plants belonging to the Simaroubaceae family, and a large range of bioactivities have been reported due to the diversity of chemical structure \[[@CR12]--[@CR16]\]. For example, β-carboline-1-propionic acid and 1-hydroxy-canthin-6-one from *Ailanthus altissima* have been reported to possess potent inhibitory activity against cyclic adenosine monophosphate phosphodiesterase \[[@CR17]\]. 4,5-Dimethoxy-10-hydroxy-canthin-6-one, canthin-6-one, 8-hydroxy-canthin-6-one, 4,5-dimethoxy-canthin-6-one, and 5-hydroxy-4-methoxy-canthin-6-one from *Picrasma quassioides* have been reported as having cytotoxic activity against human nasopharyngeal carcinoma (CNE2) cells \[[@CR18]\].

During our continuing search for bioactive compounds from natural resources, we have established a compound library, which consists of alkaloids from Simaroubaceae plants, such as *Picrasma quassioides*, *Picrasma javanica*, *Ailanthus altissima*, *Simarouba amara*, *Eurycoma longifolia*, *Simaba cuspidata*, and *Quassia amara*, as well as their chemical synthetic analogues. The chemical structures are shown in the Supplementary data, which included 38 β-carboline alkaloids (**7**--**45**), 31 canthinone alkaloids (**1**, **3**--**6**, and **46**--**70**), and 6 dimeric alkaloids (**71**--**76**). Previous bioassay of this compound library has led to the discovery of a number of protein tyrosine phosphatase-1B (PTP1B) inhibitors \[[@CR19]\] and the cerebral protective agents \[[@CR20]\]. In the present study, the compound library was assayed for anti-inflammatory activity by inhibiting the overproduction of the inflammatory mediator NO in LPS-activated RAW 264.7 macrophage cells, which is a classical in vitro inflammatory cell model. Furthermore, six selected bioactive compounds were further investigated for their inhibitory effect on PGE~2~ production and the modulatory mechanism on the high expression of iNOS and COX-2 proteins.

Results and discussion {#Sec2}
======================

The inhibitory activity on the overproduction of NO was firstly assessed at a final concentration of 100 μM for all compounds. The level of nitrite as an indicator of NO was determined by the Griess reaction, and the cell viability was investigated by the MTT assay. Hydrocortisone sodium succinate (HSS, Tianjin Biochem Pharmaceutical Co., Ltd.), a clinically commonly used anti-inflammatory drug, was used as the positive control in this bioassay. Among the 75 tested compounds, 14 (**11**--**13**, **15**, **21**--**23**, **27**, **29**, **30**, **31**, **37**, **41**, and **42**) out of 38 β-carboline-type alkaloids showed potent NO inhibitory activity (the inhibitory rate on NO production was higher than 80%). Among them, seven compounds (**12**, **13**, **15**, **22**, **23**, **27**, and **42**) exhibited cytotoxicity (cell viability less than 50%). However, these 7 compounds did not show cytotoxicity when at a lower concentration of 50 μM. On the other hand, five compounds (**46**, **47**, **55**, **57**, and **64**) out of 31 canthinone-type alkaloids showed potent NO inhibitory activity without cytotoxicity. Among the six dimeric alkaloids, three compounds (**71**, **72**, and **76**) inhibited the NO production, but also showed cytotoxicity (Supplementary data). The results indicated the potential of a number of β-carboline-type alkaloids and canthinone-type alkaloids in the compound library as anti-inflammatory agents. Compounds (**21**, **46**, and **57**) have been reported with inhibitory NO production activities \[[@CR21]--[@CR23]\], but compounds (**11**--**13**, **15**, **22**, **23**, **27**, **29**--**31**, **37**, **41**, **42**, **47**, **55**, **64**, **71**, **72,** and **76**) were not reported as inhibitors of NO production.

The bioactive β-carboline-type alkaloids can be divided into three types, namely, type I, with an ethyl moiety at C-1 (**11**, **12**, and **13**); type II, with a double bond at C-1′ (methoxycarbonyl: **22**, **27**, **29**, **30**, and **31**; carbon--carbon double bond: **21** and **23**); and type III, with a saturated C ring and a methoxy-carbonyl at C-3 (**37**, **41**, and **42**). Compound **37** showed the strongest NO inhibitory activity, which suggest that the ethyl group at C-1 may be more contributive than other groups at the C ring. Among canthinone-type alkaloids, compounds (**46**, **47**, **57**, and **64**) without substituent groups at C-4 and C-5, were far more active than the others. In addition, comparison of the inhibition rate of 3-methyl-canthin-2,6-one (**61**) and 3-methoxy-canthin-2,6-one (**64**) indicated that the methoxy group at *N*-3 may improve the inhibitory activity.

Based on the bioassay results and the yield of compounds, six bioactive compounds, namely, benzalharman (**23**), kumujian (**27**), 1-ethyl-1,2,3,4-tetrahydro-β-carboline-3-carboxylic acid (**37**), 1-acetophenone-1,2,3,4-tetrahydro-β-carboline-3-carboxylic acid (**42**), cathin-6-one (**46**), and 9-methoxy-cathin-6-one (**57**), were selected for further investigation (Fig. [1](#Fig1){ref-type="fig"}). Compounds **27**, **46**, and **57** were isolated from *Picrasma quassioides* \[[@CR12], [@CR24]\], and **23**, **37**, and **42** were chemically synthetic compounds \[[@CR17]\]. The purities of all the compounds were \> 98% by HPLC--PDA and ^1^H-NMR spectroscopic analysis. Previous investigations have reported compounds **23** and **27** to be the cyclic adenosine monophosphate (AMP) phosphodiesterase inhibitors \[[@CR17]\], and compound **46** to be an antimalarial and antitumor compound \[[@CR25]\].Fig. 1Chemical structures of selected β-carboline alkaloids (**23**, **27**, **37**, and **42**) and canthinone alkaloids (**46** and **57**)

The positive control drug HSS showed strong inhibitory effect on the overproduction of NO induced by LPS in RAW 264.7 cells, which suggested the feasibility of using the inhibitory effect on the production of NO as an important indicator for the anti-inflammatory activity of the compound library. The six active compounds exhibited significant inhibitory activity on the release of NO in a good dose dependency; their inhibitory activity on the overproduction of NO was even stronger than that of the positive control drug at a final concentration of 50 μM (Fig. [2](#Fig2){ref-type="fig"}). At the same time, the MTT assay was used to evaluate the cytotoxicity of test compounds on the proliferation of macrophage RAW 264.7 cells. Succinate dehydrogenase converts exogenous MTT to formazan crystals which can be dissolved by dimethyl sulfoxide (DMSO). The absorbance values were measured with a microplate reader at a wavelength of 570 nm, which can indirectly reflect the viability of cells. LPS (1 μg/ml), HSS (50 μM), and six active compounds (12.5 μM, 25 μM, and 50 μM) showed no cytotoxicity on the proliferation of RAW 264.7 cells in the MTT assay (Supplementary data).Fig. 2Effect of **23**, **27**, **37**, **42**, **46**, and **57** on the overproduction of NO. RAW 264.7 cells were treated by LPS (1 μg/ml) with or without test compounds (12.5, 25, and 50 μM) or HSS (50 μM) for 24 h. Cell culture supernatant (100 μl) was used to determine the level of NO. Values are expressed as mean ± SD (*n* = 3). ^\#\#^*p* \< 0.01 vs. the untreated group. ^\*\*^*p* \< 0.01 vs. the LPS treatment group

Furthermore, the effect of six active compounds on the release of PGE~2~ was determined by using the ELISA method. As the result, when RAW 264.7 cells were treated by LPS for 24 h, the level of PGE~2~ markedly increased comparing with the untreated group (*p* \< 0.01). Four β-carboline-type alkaloids (**23**, **27**, **37**, and **42**) have no obvious inhibitory effect on the PGE~2~ secretion in LPS-activated RAW 264.7 macrophages, but two canthinone-type alkaloids (**46** and **57**) showed potent inhibitory activity against the overproduction of PGE~2~ (Fig. [3](#Fig3){ref-type="fig"}). The results clearly suggested that these two types of alkaloids show different inhibition profiles on the release of PGE~2~.Fig. 3Effect of **23**, **27**, **37**, **42**, **46,** and **57** on the overproduction of PGE~2~. RAW 264.7 cells were treated by LPS (1 μg/ml) with or without test compounds (12.5, 25, and 50 μM) or HSS (50 μM) for 24 h. Cell culture supernatant (100 μl) was used to determine the level of PGE~2~. Values were expressed as mean ± SD (*n* = 3). ^\#\#^*p* \< 0.01 vs. the untreated group. ^\*\*^*p* \< 0.01 vs. the LPS treatment group

iNOS and COX-2 proteins are expressed constitutively in LPS-induced RAW 264.7 cells, and the high expression of iNOS and COX-2 promote the overproduction of NO and PGE~2~, respectively. In order to investigate the anti-inflammatory molecular mechanism of these active compounds, Western blot analysis was used to determine whether these active alkaloids can modulate the high expression of inflammatory proteins iNOS and COX-2 in LPS-activated RAW 264.7 cells. As shown in Fig. [4](#Fig4){ref-type="fig"}, when RAW 264.7 cells were treated by LPS for 24 h, iNOS and COX-2 proteins were significantly up-regulated in comparison with the untreated group (*p* \< 0.01). Treatment with β-carboline-type alkaloids **23** and **27** at 12.5--50 μM prominently inhibited the high expression of iNOS in a dose-dependent manner, whereas compounds **37** and **42** weakly inhibited the high expression of iNOS protein at the high concentration of 50 μM. However, four β-carboline-type alkaloids (**23**, **27**, **37,** and **42**) showed no inhibitory effect on the expression of COX-2 protein. These results indicated that β-carboline-type alkaloids (**23**, **27**, **37**, and **42**) suppress the production of NO via down-regulation of the expression of inflammatory protein iNOS, but have no effect on the COX-2 pathway.Fig. 4Effect of β-carboline alkaloids **23** (**a**), **27** (**b**), **37** (**c**), and **42** (**d**) on the high expression of iNOS and COX-2 proteins. RAW 264.7 cells were treated by LPS (1 μg/ml) with or without β-carboline alkaloids (12.5, 25, and 50 μM) for 24 h. The expression of iNOS and COX-2 proteins were determined by Western blot analysis. Data were normalized on the basis of β-actin levels. Values are expressed as mean ± SD (*n* = 3). ^\#\#^*p* \< 0.01 vs. the untreated group. ^\*\*^*p* \< 0.01 vs. the LPS treatment group

In sharp contrast, in comparison with the results of β-carboline-type alkaloids, cathinone-type alkaloids **46** and **57** potently inhibited both the production of NO and the release of PGE~2~. The results of Western blot analysis indicated that cathinone-type alkaloids **46** and **57** (12.5, 25, and 50 μM) significantly down-regulated the high expression of both iNOS and COX-2 proteins (Fig. [5](#Fig5){ref-type="fig"}). All the results implied that two types of alkaloids (β-carboline-type and canthinone-type) may exert anti-inflammatory effects through different molecular mechanisms.Fig. 5Effect of canthinone alkaloids **46** (**a**) and **57** (**b**) on the high expression of iNOS and COX-2 proteins. RAW 264.7 cells were treated by LPS (1 μg/ml) with or without canthinone alkaloids (12.5, 25, and 50 μM) for 24 h. The expressions of iNOS and COX-2 proteins were determined by Western blot analysis. Data were normalized on the basis of β-actin levels. Values were expressed as mean ± SD (*n* = 3). ^\#\#^*p* \< 0.01 vs. the untreated group. ^\*\*^*p* \< 0.01 vs. the LPS treatment group

Conclusion {#Sec3}
==========

In summary, an alkaloidal compound library from Simaroubaceae and their chemically synthesized analogues were assayed for their potential anti-inflammatory activity. The results demonstrated that a number of β-carboline-type and canthinone-type alkaloids from the compound library exhibited potent activity suppressing the overproduction of NO in LPS-activated RAW 264.7 macrophages. Based on further investigation on the selected six bioactive alkaloids, we found that two canthinone-type alkaloids suppressed the release of NO and PGE~2~ through down-regulating the expression of inflammatory proteins iNOS and COX-2. Four β-carboline-type alkaloids suppressed the production of NO via down-regulation of iNOS expression, but have no effect on the release of PGE~2~ and are independent of COX-2 pathway. Both the β-carboline-type alkaloids and the canthinone-type alkaloids have been identified as anti-inflammatory agents of Simaroubaceae plants, but these two types of natural compounds showed entirely different inhibitory profiles on the expression of iNOS and COX-2 in LPS-activated RAW 264.7 macrophages. Further detailed investigations on their modulating effect on the cellular signal transduction pathways such as NF-κB or MAPK pathways are expected to certify the differences between the mechanism of β-carboline-type alkaloids and canthinone-type alkaloids.

Materials and methods {#Sec4}
=====================

General {#Sec5}
-------

Macrophage RAW 264.7 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Roswell Park Memorial Institute (RPMI) 1640 medium was purchased from GE Healthcare Life Sciences. Fetal bovine serum (FBS) was purchased from NQBB International Biological Corporation. LPS (from *E. coli*), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and DMSO were purchased from Sigma--Aldrich, Inc. (St. Louis, MO, USA). HSS is a product of Tianjin Biochem Pharmaceutical Co., Ltd. (Tianjin, China). The mouse PGE~2~ ELISA kit was purchased from Shanghai Senxiong Science and Technology Industry Co., Ltd. (Shanghai, China). Mouse anti-rabbit inducible nitric oxide synthase (iNOS) polyclonal antibody (catalog no. 160862) and mouse anti-rabbit COX-2 polyclonal antibody (catalog no. 160106) were purchased from Cayman Chemical Company. Goat anti-rabbit β-actin polyclonal antibody (catalog no. sc-1616) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA).

All test compounds were dissolved in cell culture-grade DMSO at the concentration of 50 mM as a stock solution and stored at −20 °C. The stock solution was diluted to indicate concentrations by DMSO before use. The final concentration of DMSO in the medium was 0.2%. HSS, a clinical anti-inflammatory drug, was used as the positive control. HSS was dissolved in RPMI 1640 medium at the concentration of 50 mM as a stock solution and stored at − 20 °C. The stock solution was diluted to indicate concentrations by RPMI 1640 medium before use.

Cell culture of RAW 264.7 {#Sec6}
-------------------------

Mouse monocyte-macrophage RAW 264.7 cells (ATCC TIB-71) were fostered in RPMI 1640 medium mixed with 10% heat-inactivated FBS at 37 °C in an incubator with 5% CO~2~. The medium was routinely replaced every day and RAW 264.7 cells were passaged until they reached about 80% of confluence.

Nitric oxide analysis and cell viability assay {#Sec7}
----------------------------------------------

The cells were prepared at a density of 1 × 10^6^ cells/ml, and 200 μl was seeded in each well of the 96-well plates. The cells were treated by LPS (1 μg/ml; Sigma--Aldrich, St. Louis, MO, USA) with or without indicated concentrations of test compounds for 24 h. Cell culture supernatant (100 μl) was then removed to another 96 well-plate and mixed with 100 μl of Griess reagent containing equal volumes of Griess reagent A: 0.1% (w/v) of *N*-(1-naphthyl) ethylenediamine solution and Griess reagent B: 1% (w/v) sulfanilamide in 5% (v/v) H~3~PO~4~ solution (Yantai Science and Biotechnology Co., Ltd., Yantai, China). After being mixed for 10 min, the absorbance was measured at 540 nm using a microplate reader. The nitrite concentrations were calculated according to the method reported by Jin et al. \[[@CR26]\].

After 100 μl of the cell culture supernatant was taken out for NO determination, MTT solution (5 mg/ml) was added in the original 96-well plate at the final concentration of 200 μg/ml and then incubated for 4 h. After removal of the supernatant from the 96-well plate, 150 μl of DMSO was added to dissolve the formazan. The absorbance was measured by a microplate reader at a wavelength of 570 nm, and a wavelength of 655 nm was used as reference. The untreated cells were considered to be 100% viable. Final results are expressed as percentage of viable cells in the experimental group when compared with those of the untreated group.

Determination of PGE~2~ {#Sec8}
-----------------------

RAW 264.7 cells were prepared at a density of 1 × 10^6^ cells/ml, and 200 μl was seeded in each well of the 96-well plates. The cells were treated by LPS (1 μg/ml) with or without indicated concentrations of test compounds for 24 h. Cell culture supernatant (100 μl) was removed to measure the level of PGE~2~ by using a commercial mouse PGE~2~ ELISA kit (Shanghai Senxiong Science and Technology Industry Co., Ltd., Shanghai, China) according to the manufacturer's instructions.

Western blot analysis of iNOS, COX-2 and β-actin proteins {#Sec9}
---------------------------------------------------------

The cells were seeded in 60-mm cell culture dishes for 1 h, and then treated by LPS (1 μg/ml) with or without indicated compounds (12.5, 25, and 50 μM) for 24 h. The cells were washed with cold PBS and lysed in a cold lysis buffer, and the total protein was extracted from ultrasonic crushed cells. The total protein and the cellular debris were separated by centrifugation at 13,000 rpm for 6 min. The protein concentrations were determined by a commercial Bradford protein assay kit. Total protein (30 μg) was separated by 8% polyacrylamide gel electrophoresis and then transferred to nitrocellulose membranes. The membranes were blocked with Tris-buffered saline with 0.5% triton X-100 (TBS-T) containing 5% skim milk at room temperature for 4 h. The membranes were then washed with TBS-T for three times and incubated overnight at 4 °C with anti-iNOS, anti-COX-2, or anti-β-actin solution which was diluted with TBS-T. After washing with TBS-T, the membranes were incubated for 1 h at room temperature with horseradish peroxidase (HRP)-labeled goat anti-murine IgG (H+L), or HRP-labeled goat anti-rabbit IgG (H+L) as secondary antibody diluted with TBS-T, respectively. The bands were detected with an enhanced chemiluminescence system and the bands representing iNOS, COX-2, and β-actin were quantitated by DigDoc100 program (Gel pro analyzer 3.2). The levels of corresponding iNOS and COX-2 were normalized on the basis of the corresponding β-actin levels.

Statistical analysis {#Sec10}
--------------------

The data are expressed as mean ± SD. The results were assessed by one-way analysis of variance with the SPSS 16.0 statistical program. *p* ≤ 0.05 was considered to indicate a statistically significant difference.
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